The terrestrial biosphere shapes the exchange fluxes of energy and mass at the land surface. The diversity of plant form and functioning can potentially result in a wide variety of possible climatic conditions at the land surface and in the soil, which in turn feed back to more or less suitable conditions for terrestrial productivity. Here, I use sensitivity simulations to vegetation form and functioning with a global climate model to quantify this possible range of steady-states ("PROSS") of the surface energy-and mass balances. The surface energy-and water balances over land are associated with substantial sensitivity to vegetation parameters, with precipitation varying by more than a factor of 2, and evapotranspiration by a factor of 5. This range in biologically possible climatic conditions is associated with drastically different levels of vegetation productivity. Optimum conditions for maximum productivity are close to the simulated climate of present-day conditions. These results suggest the conclusions that (a) climate does not determine vegetation form and function, but merely constrains it, and (b) the emergent climatic conditions at the land surface seem to be close to optimal for the functioning of the terrestrial biosphere.
Introduction
Terrestrial vegetation affects soil and surface properties over land, and thereby modulates the exchange fluxes of energy, water and carbon between the land surface and the overlying atmosphere. When compared to a bare surface, green forest canopies absorb more solar radiation, are aerodynamically rougher, and have a higher ability to transpire water. Below the ground, vegetation can reach to greater depth through the root system to explore soil moisture supply for evapotranspiration, and litter production by vegetation increases soil organic matter, which in turn increases the ability of soils to hold moisture and affects soil hydraulic conductivity. Climate model simulations of a "Desert World" show that the climate over land would be drastically different in the absence of terrestrial vegetation (Betts, 1999; Fraedrich et al., 1999; Kleidon et al., 2000) and would likely result in climatic conditions less suitable to vegetation growth (Betts, 1999; Kleidon, 2002) .
What these extreme sensitivity simulations demonstrate is that the climate of the land surface and soil system can operate in different steady states, depending on vegetation form and functioning. To put this into a conceptual framework, we can describe the steady state in terms of the balances of energy, water, and carbon, characterized by the surface temperature T s , the aggregated soil water content within the rooting zone W s , and the amount of carbon stored in live vegetation C veg and in the soil C soil . The climatological surface energy balance can be expressed as follows: c p dT s /dt = Q sw,net − Q lw,net − Q sh − Q lh = 0 (1) with c p being the heat capacity of the soil, Q sw,net the net absorption of shortwave radiation at the surface, Q lw,net the net emission of longwave radiation, Q sh the sensible heat flux, and Q lh the latent heat flux. We consider the climatic mean state only, so that eqn. (1) yields zero when averaged over a sufficiently long time period.
Similarly, the steady-state surface water balance is expressed as the balance of the fluxes of precipitation P, evapotranspiration E, and runoff and drainage R:
Note that the rate of evapotranspiration E is linked to the latent heat flux by E = Q lh /L, with L being the latent heat of vaporization. Finally, the simplified carbon balances of live veg- 
with GPP being the gross primary productivity, RES a the rate of autotrophic respiration, LIT the litter production rate, and RES h the heterotrophic respiration rate. Not included here for simplicity are the mass balances of nutrients. These balances are not independent, but strongly coupled. Vegetation productivity GPP depends on light (i.e. Q sw,net ), but also on the rate of transpiration (as a part of E) since transpiration is closely linked to the gas exchange of carbon dioxide between the air and the leaf's interior. On the other hand, GPP and biomass C veg affect leaf area and rooting depth, both of which affect E and Q sw,net . Furthermore, the actual rate of E affects boundary layer characteristics, including the formation of convective clouds and rainfall (e.g. Lyons, 2002) . This in turn affects the amount of incoming solar radiation (as an important component of Q sw,net ) and the precipitation rate P. Even though Q sw,net and P would seem to be important drivers of the surface energy-and mass balances, these variables are in fact not independent variables. In other words, these fluxes do not determine the steady-state energy-and mass balances, but merely act as constraints that emerge from the interaction of the surface with the overlying atmosphere.
These constraints limit the form and functioning of terrestrial vegetation. For instance, the actual value of P imposes an upper boundary on the rate of evapotranspiration E, and thereby on GPP. Likewise, Q sw,net imposes an upper, energetic limit on E and on the lightlimited rate of GPP. Yet it is through the diversity of plant form and functioning that many degrees of freedom are introduced to the energy-and mass balances. That is, a range of possible solutions to eqns. (1-4) exists, resulting in a range of values for T s , W s , C veg and C soil . For instance, the partitioning of carbohydrates between below-and aboveground growth (root-shoot ratio p r,s ) can vary among plants. The carbon balance constraint acts to limit the total amount of carbohydrates to be partitioned. Within this range, p r,s modulates the leaf area and the rooting characteristics of the surface, two climatologically relevant land surface properties. A high allocation to belowground growth would allow for a greater ability to access stored water in the soil. But it comes at the expense of reduced aboveground growth, resulting in less leaves. For the physical functioning of the land surface, this would result in a larger soil moisture holding capacity within the rooting zone, which potentially enhances E, but a lower leaf area index and therefore likely in a higher surface albedo, reduced vegetation cover, and a lower Q sw,net . Root-shoot partitioning is just one example of the moderating effects of terrestrial vegetation on land surface and climate functioning.
The purpose of this paper is to provide a simple estimate for the range of steady-state climatic conditions that are "biologically possible". I use the term "biologically possible" to refer to forms and functioning of terrestrial vegetation that result in a positive, nonzero productivity (i.e. GPP > 0). This Possible Range Of Steady States (short, "PROSS") of the land surface energy-and mass balances will be quantified with numerical simulations with a coupled vegetation-climate system model.
Material and methods
I use the Planet Simulator (PlaSim, LUNKEIT et al., 2004; FRAEDRICH et al., 2005a,b) , an Earth system model of intermediate complexity. This model consists of an atmospheric component that simulates the dynamics of atmospheric motion, radiative transfer processes, and a full treatment of the atmospheric water cycle including a prognostic cloud scheme. The land component consists of a 5-layer soil temperature model, a snow model, and a "bucket" soil hydrology scheme. The model represents the land surface with a coarse resolution of about 5.6
• × 5.6
• lat/lon, and model equations are integrated on a time step of 40 minutes. The model is able to reasonably simulate the present-day climate (see e.g. KLEIDON, 2006) .
Fully integrated into the model is SimBA, a simple dynamic global vegetation model. The purpose of SimBA is to capture the first-order aspects of the interrelationship between terrestrial productivity, climate, and large-scale land surface parameters, such as surface albedo, leaf area index, canopy conductance, and rooting zone depth. In SimBA, the net rate of photosynthesis (gross primary productivity, GPP) is taken as the minimum of a light-limited and a flux-limited rate, following the approach of MONTEITH et al. (1989) and DEWAR (1997) . The light-limited rate is parameterized as a function of photosynthetically active radiation, surface temperature, and fractional cover of leaves. The flux-limited rate is proportional to the gradient of carbon dioxide across the leaf-air interface and the rate of transpiration. Heterotrophic respiration is taken to be proportional to biomass, with an assumed turnover rate of 40 years. The mass balance of live biomass is then modeled using GPP, respiration, and vegetation biomass change. Vegetation biomass in turn sets the fraction of the land surface fveg that is dominated by vegetation. Land surface parameters of the climate model are then determined from a weighted sum of a value representative of a bare surface and one representative of vegetation. These parameters are: surface albedo as, soil water holding capacity of the rooting zone Ws,max ("bucket size"), surface roughness z0, and a unitless surface conductance gs that is introduced as a multiplier in the bulk formula in the calculation of the latent heat flux. Even though this is a highly simplified representation of vegetation dynamics, it nevertheless achieves the objective of providing an interactive coupling of the vegetation-climate system. The climatic conditions affect the rate of photosynthesis, through light, temperature, and water availability. Photosynthetic activity builds up biomass, which then affects land surface parameters that in turn affect climate. A
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In order to evaluate the range of steady-state climates that are biologically possible, we conduct a series of sensitivity simulations with the model in which we vary vegetationrelated model parameters. The model parameters and the range over which these were varied are: maximum stomatal conductance gs,max (gs,max = 0.01, . . . , 1.00), canopy roughness z0,c (z0,c = 0.1m, . . . , 10.0m), root-shoot ratio pr,s (pr,s = 0.01, . . . , 0.99) and a parameter pgrow which describes how much of the productivity is allocated to biomass growth (pgrow = 0.01, . . . , 1.00). These parameters are varied in a globally uniform manner. While this is clearly unrealistic, we chose this setup here in order to yield a consistent model setup. Sea surface temperatures are prescribed in the simulations. Each sensitivity simulation was started with zero vegetation biomass and was then run for an equivalent of 200 years in order for the biomass pools to reach a steady state. The mean climatic state is then determined from averaging model output over the last 10 years.
In total, more than 100 sensitivity simulations were performed where these parameters were modified within the given ranges. The model's standard setup for the presentday (the "Control") uses values of gs,max = 1.00, z0,c = 2m, pr,s = 0.50, and pgrow = 1.00. Another simulation with a "Desert World" setup (as in KLEIDON et al., 2000) was performed that is void of terrestrial vegetation. The reader is referred to PAVLICK & KLEIDON (2006) for more details regarding the simulation setup and model validation.
Results
The possible range of steady-state conditions of the land surface is investigated in terms of the annual means averaged over all land areas. Even though the consideration of global land means is a gross simplification that cannot capture the large geographic variation of climatic conditions across regions, it is used here to demonstrate the concept and to provide a first estimate of PROSS. Figure 1 shows PROSS in terms of surface temperature and soil wetness (mean soil moisture content divided by soil moisture holding capacity of the rooting zone). The sensitivity simulations span a range of annual mean land temperatures of about 15-19
• C, and a range of soil wetness values of ≈ 0 to 55%. Mean soil wetness is most sensitive to the value of root-shoot partitioning, as expected. Stomatal conductance shapes most strongly the variation of global land temperature. This can be understood directly as the result of differing levels of latent cooling (see variation of E in Fig. 4 and discussion below). Associated with these differences in surface climate is a wide range of contrasting configuration of the terrestrial carbon balance, as shown in Fig. 2 . The PROSS of the surface energy balance spanned by the sensitivity simulations is shown in Fig. 3 . Note that the climatological mean energy balance constraint, Q sw,net = Q lw,net + Q sh + Q lh is indicated by the dotted lines in Fig. 3 . Total absorbed solar radiation varies by about 20 W m −2 . Under this con- from the sensitivity simulations fall on a straight line, with a best fit of E = -1.50 + 1.37 · P (r 2 = 0.99), in units of mm/d. Extrapolated to E = 0 results in a value of P = 1.09 mm d −1 , which would be the rate of precipitation in the absence of any continental evapotranspiration. In this case, continental runoff (and atmospheric moisture convergence) would balance precipitation, i.e. R = 1.09 mm d −1 . The fact that the slope is greater than 1 indicates that continental runoff decreases with increased P (as a result of increased E), and attains values of R = 0.76 mm d −1 at P = 2 mm d −1 and R = 0.39 mm d −1 at P = 3 mm d −1 . However, at values above P ≈ 2.5 mm d −1 , a deviation from the linear relationship can be seen that converges to the 1:1 slope. This means that the increased intensity of continental recycling of moisture with higher values of E and the associated decoupling of local water sources from the large-scale atmospheric moisture convergence saturates at high values of P.
Also indicated in Figs 1-4 is the effect of the associated climates on simulated vegetation productivity. These conditions vary widely, from near zero productivity (symbols filled by light colors) to a maximum of about 3.5 g C m −2 d −1 (symbols filled with dark colors). In all diagrams, the "Control" simulation (indicated by the white star) is reasonably close to the simulations that are associated with maximum productivity.
Discussion
The sensitivity simulations are clearly highly simplified. The model is one of intermediate complexity, emphasizing first-order effects and interactions. The simulation setup is simplified in that vegetation parameters were varied in a globally uniform manner. Many other effects of the terrestrial biosphere on soil and land surface functioning were not included here. For instance, the value of plant available water and soil conductivity depend on the amount of organic matter. As shown in Fig. 2 , the amount of simulated soil carbon varies drastically among the simulations, which would imply very different soil properties and nutrient cycling characteristics. These aspects were also not considered here, but would clearly affect the results.
Despite these shortcomings, the model simulations nevertheless confirm the main point of this paper, that there is a wide range of possible steady-state solutions to terrestrial surface energy-, water-, and carbon balance that depends on the emergent shape and functioning of the terrestrial biosphere. This view is notably different to the more traditional viewpoint that the climate system operates in one or a few (multiple) steady states [e.g. see Budyko (1969) with respect to the snow-albedo feedback, e.g. Claussen, 1998 and Wang, 2004 for vegetation-climate interactions] .
The results presented here also show that the wide range of possible steady state solutions of the terrestrial energy-, water-, and carbon balance have different implications for the productivity of the terrestrial biosphere. Since the "Control" climate is close to one yielding maximum productivity, it seems that the terrestrial biosphere self-organizes itself into a steady-state of maximum productivity. While optimization principles have been used before, they have been used pri-
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A. Kleidon marily with respect to plant or stand scale, e.g. with respect to root-shoot partitioning (Thornley, 1969; Thornley, 1972) , stomatal functioning (Cowan & Farquhar, 1977; Cowan, 1977) , optimum nitrogen distribution in canopies (Field, 1983; Dewar, 1996) , and rooting depth (Kleidon & Heimann, 1998; Kleidon, 2004b) . The difference in this study is that largescale atmospheric feedbacks are explicitly included in the optimization process, so that the resulting maximum emerges at the planetary scale.
The resulting notion that the present-day climate is optimal for the productivity of the terrestrial biosphere is similar to the Gaia hypothesis of Lovelock (1972) , which states that the Earth's climate is regulated for and by the biosphere. More importantly, the maximization of productivity is consistent with the fundamental thermodynamic principle of Maximum Entropy Production (MEP, e.g. Ozawa et al., 2003; Dewar, 2003; Dewar, 2005; Kleidon & Lorenz, 2005) as applied to the Earth's biosphere (Kleidon, 2004a; Kleidon, 2004c; Kleidon & Fraedrich, 2005) . Since productivity balances respiration in steady state, a maximization of productivity is equivalent with the maximization of respiration, which in turn measures the dissipative nature of the terrestrial biosphere. Maximization in photosynthetic activity then corresponds to a maximization of biotic entropy production. This places the maximization of GPP on a fundamental principle, one that applies not only to biological processes, but also to purely physical processes such as atmospheric turbulence (e.g. Paltridge, 1975; Paltridge, 1978; Ozawa & Ohmura, 1997; Lorenz et al., 2001; Kleidon et al., 2003; Kleidon et al., 2006) . However, further evaluations and comparison to observations would be necessary to confirm that present-day climatic conditions are indeed optimal to the terrestrial biosphere. An attempt in doing so is given in Pavlick & Kleidon (2006) .
Optimal functioning of the terrestrial biosphere has important consequences for the impacts of perturbations and change on land surface functioning (Kleidon, 2004a) . This is schematically shown in Fig. 5 . When a steady-state is perturbed, the state of the land surface deviates from the optimum. As a response of the coupled system, the overall feedback to the perturbation is negative, that is, it is going to bring the conditions back to the optimum (Fig. 5 top) . This is an inherent property associated with MEP and optimality.
When conditions change on longer time scales, for instance in response to interannual variability, glacialinterglacial changes or future changes associated with elevated concentrations of atmospheric carbon dioxide, then the optimal properties associated with vegetation form and functioning are likely to shift (Fig. 5 bottom ). An inadvertent consequence of this is that if the adaptability of vegetation behavior is not considered, the dissipative activity of the terrestrial biosphere under change can only be underestimated, resulting in bi- ases in the simulated climate sensitivity. For instance, imagine the case where conditions in a particular region would turn drier in a scenario of change. This would result in a shift in the factors that limit photosynthesis, with water becoming more limiting while light becomes less important. The vegetative cover is likely to respond to this change by shifting growth patterns towards more belowground growth to explore a wider range of the soil column for water. Even though the overall effect of change may nevertheless result in a lower overall productivity, the shift in growth pattern will compensate this reduction in productivity to some extent. Such adaptive behavior would be constrained to take place within the possible range of steady-states (i.e. subject to the surface energy-, water-, and carbon balance constraints) and subject to a characteristic time scale. Nevertheless, adaptive behavior in this context would have important implications for vegetation feedbacks to global change in that non-adaptive behavior would necessarily result in an emphasis of the negative impacts of global change (as in the case of e.g. Cox et al., 2000) .
